Abstract. In the airborne and high-resolution measurement of Land Surface Temperature (LST) over large area, capturing and synthesizing of many images are necessary. In the conventional method, the process of georeferencing a large number of LST images is necessary to make one large image. Structure from Motion (SfM) technique was applied to automized the georeferencing process. We called it "SfM Thermal Mosaicing". The objective of this study is to evaluate the accuracy of SfM thermal mosaicing in making an orthogonal LST image. By using airborne thermal images in the center of Tokyo, the LST image with the 2m resolution was created by using SfM thermal mosaicing. Its accuracy was then analyzed. The result showed that in the whole examined area, the mean error distance was 4.22m and in the small parts of the examined area, the mean the error distance was about 2m. Considering the image resolution, the error was minimal indicating good performance of the SfM thermal mosaicing.
INTRODUCTION
Land surface temperature (LST) is widely used in urban heat island (UHI) studies and other environmental researches. There have many studies which analyzed the LST of satellite images (Chen et al. 2014; Connors et al. 2013; Dousset and Gourmelon 2013; Estoque et al. 2017; Streutker 2002; Weng et al. 2004) . The resolution of commonly used satellite-derived LST are 100m (Landsat 8 TIRS), 60m (Landsat ETM), 90m (Terra ASTER), Landsat TM (120m), 1km (MODIS), 1.1km (NOAA), 1km (ENVISAT), and 3km (Meteosat) (Darlington et al. 2017) . Airborne measurement of high-resolution LST is preferable to analyze the detail of urban environment because the size of roads and buildings are mostly less than 10m.
In the airborne and high-resolution measurement of LST over a large area, capturing and synthesizing of many images are necessary because the airborne thermal camera can only take the LST of a small area. In the conventional method, the process of georeferencing and mosaicing small LST images is necessary to make one large image. The manual positioning of many ground control points (GCPs) should be done in georeferencing of each LST images. These processes require a lot of labor force and time if the images are in large quantities. Hence, this difficulty even influences the decision to make the measurement.
To solve this problem, Honjo et al. (2017) applied Structure from Motion (SfM) technique to the georeferencing and mosaicing process and named the process as "SfM thermal mosaicing". Formally, thermal images were not used in the process of SfM because of its low resolution and low contrast, but in SfM thermal mosaicing only thermal images were used to make an orthogonal LST image. The method effectively reduces the labor of obtaining GCPs in georeferencing. Honjo et al. (2017) also analyzed the relation between urban LST change and urban morphology. In the study, the LSTs of the two periods were overlaid, and the difference was well detected. But in the overlaid process, the pixel to pixel coincidence was impossible, and the detailed analysis of the accuracy of the technique was not made. The quantitative accuracy measurement is necessary for the further application of SfM thermal mosaicing to the LST analysis.
SfM has been used in many studies where 3D models were made from photographs (Colomina and Molina, 2014; Westoby et al. 2012) , i.e., 3D mapping for surveying earthwork projects (Siebert and Teizer 2014) , 3D mapping of vegetation spectral dynamics (Dandois and Ellis 2013) , 3D reconstruction of sedimentary outcrops (Chesley et al. 2017) , urban flood modelling (Meesuk et al. 2015) , and topographic survey (James et al. 2017) .
In this study, we evaluated the accuracy of LST image made by SfM thermal mosaicing process. By using airborne thermal images in the center of Tokyo, the LST image was made by using SfM thermal mosaicing, and its accuracy was measured. In the analysis of the accuracy, the LST image and Google Map image were overlaid, and the distances of the corresponding referenced points of both images are defined as an error distance. From the measurement of the error distances, we analyzed the accuracy of the method.
MATERIALS AND METHODOLOGY 2.1 Location and Data
The analyzed area is shown in Figure 1 -1. It is the center area of Tokyo, including Shinjuku area and north area of Imperial Palace. The area is a typical urban area which includes high-rise buildings, low-rise buildings, and urban green areas (Imperial Palace, Shinjuku Gyoen National Garden, Yoyogi Park, Koishikawa Korakuen Garden, etc.). Airborne thermal images were used which were taken on August 19 th, 2014 from the height of 600m above surface land.
SfM Thermal Mosaicing
The comparison of SfM thermal mosaicing and conventional method of manual georeferencing process are described in Figure 2 -1. The original images are a small thermal image in the daytime and night-time. In SfM thermal mosaicing, we used 3065 daytime images and 3097 night-time images. Each image is 599x451 pixels (8bit and grayscale) with 2m resolution. From the original images, we made daytime and night-time LST image. In SfM thermal mosaicing process, Photoscan Pro (Agisoft) was used. After the SfM thermal mosaicing process, the image was georeferenced only once on the map.
In the conventional method of manual georeferencing process (Figure 2-1, B) , detecting at least three GCPs were necessary for each image and detection of GCPs should be done for all original images. After georeferencing process, the mosaicing process was executed to make the LST image. The human error for each georeferencing process affects the accuracy of LST image. To compare the SfM thermal mosaicing and manual georeferencing, daytime and night-time images made by Skymap Inc. was used as examples of manual georeferencing images (Figure 2-1, B3 ). 
Accuracy Measurement
Flowchart of the accuracy assessment is shown in Figure 2 -2. To measure the accuracy, we used SfM thermal mosaicing and manual georeferencing images of large area (whole analyzed area) both in daytime and night-time. We also analyzed small area (three small parts of the area shown as squares 1, 2 and 3 in Figure 1-1) . In manual georeferencing, the only large area is analyzed because the error distance is relatively same either large and small areas. In the SfM thermal mosaicing, georeferencing process wasconducted once for large small areas, respectively. For accuracy evaluation, the accuracy of LST image was analyzed for large and small areas. The same procedure of accuracy analysis was conducted for a large area of manual georeferencing image.
Twenty sample points were selected at the point of the building edges, the cross-section center, and the corner of the bridges on each LST image in Figure  2 -2 (a large area and three small areas in SfM thermal mosaicing, and a large area in manual georeferencing).
The accuracy measurement is illustrated in Figure 2 -3. The red dot represents the reference point in Google Map which is the same place as the sample point of the overlaid LST image.
The distance between the reference point and the sample point was defined as the error distance. The error distance (ED) is expressed by the following formula:
where, (x1, y1) is a reference point on the Google Map, and (x2, y2) is the sample point on the LST image. The error vector is also defined as ( 2 − 1, 2 − 1). When the error distance value is low, it means the accuracy is high. The error distance measurement was conducted in Q-GIS which connected with Google Map. The error distance was adjusted as the mean x-and ycomponent of error distance become zero (0) as follows: The standard deviation of daytime LST image was wider than that of night-time LST image because LST value was higher in the daytime. The standard deviation was quite wide range either in the daytime and nighttime representing the variety of the objects of the urban surface, i.e., water surfaces, green areas, roads, and buildings.
Daytime LST image is more clear and has a clear contrast because the temperature difference in the daytime LST distribution is larger than that in the night-time LST distribution. In the daytime, hot areas were observed in the building, the cross-section of roads, square, etc. Meanwhile, cool areas were observed in urban trees, lawn area (grass), and water. Edges of these objects were well recognized with the resolution of the images. On the other hand, the standard deviation of night-time LST image is relatively narrow. It implies the recognition of the objects is slightly difficult in the night-time.
The Accuracy of SfM Thermal Mosaicing
The error vectors in automatic georeferencing with SfM thermal mosaicing are shown in Figure 3-1 . The red dot represents the center of the reference point, and the black line is the error distance. The directions of errors are randomly distributed. The error distance of daytime and night-time thermal images are 4.22m and 4.65m, respectively (Figure 3-4) . The error distance of daytime thermal image is a slightly better than night-time thermal image. One of the reasons is that the objects in night-time thermal images were more obscure in the SfM thermal mosaicing.
In Figure 3 -2, the accuracy of the small areas (1, 2, & 3) is shown. Comparing Figure 3 -1 and Figure 3 -2, the error distance of the small areas area mostly shorter than the error distance of the large area both day and night. The error distance of small areas ranges from 1.80m to 2.76m, while large area range from 4.22m to 5.18m (Figure 3-4) .
3.3
The Accuracy of Manual Georeferencing The error vector of manual georeferencing of the large area is shown in Figure 3 -3. The error vector is randomly distributed. As the result of the SfM thermal mosaicing in Figure 3-1 
Accuracy Comparison
The error distance in Figure 3 -1, 3-2, and 3-3 are summarized in Figure 3 -4. The accuracy of LST image made by SfM thermal mosaicing in a large area is 4.22m (daytime) and 4.65m (night-time). While in small areas, their accuracy is about 2m. Considering the resolution of the image is 2m, the accuracy is nearly the best.
The error distances of manual georeferencing in the large area are 5.05m (daytime) and 5.18m (night-time). The error distance of SfM thermal mosaicing is almost the same as that of manual georeferencing. 
The Advantage of SfM Thermal Mosaicing
In SfM thermal mosaicing process in this study, no GCPs are used. But, even though there is no GCPs, we found that SfM thermal mosaicing was accurate to make the LST images (Figure 3-4) .
In the case of manual georeferencing, it is difficult to use all the overlapped images because it is convenient to use fewer and less overlapped images to reduce the time for manual georeferencing process. In the SfM thermal mosaicing, overlapping of the images has a good effect in making an orthographic image.
Image Quality of Automatic
Georeferencing Thermal Image Images of SfM thermal mosaicing and manual georeferencing are compared in Figure 3 -5. In the case of manual georeferencing, many sides (walls) of high buildings remain as the dark blue shadow in Figure 3 -5b. While there is no reducing process of side building in manual georeferencing, the SfM thermal mosaicing can reduce the side of buildings, and the image becomes orthogonal as shown in Figure 3 -5a. In the process of detection of corresponding points by SfM thermal mosaicing, the points in the original images are calculated as an orthogonal point cloud. 
Night-time
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Automatic (Mean) 4 CONCLUSION Based on the error distance analysis we conclude that it is possible to make the LST image effectively with high accuracy both in daytime and night-time by SfM thermal mosaicing. The accuracy in small areas was better than the large area. The mean error distance of small area was about 2m. Considering the resolution was 2m, the error was nearly the best. SfM thermal mosaicing also have an advantage in making orthogonal LST image.
The accurate method in this study will be a powerful tool for further environmental studies on the LST. In the future, the airborne LST measurement will become more practical and economical with SfM thermal mosaicing and with the progress of UAV or drone and the development of small thermal cameras.
